In this joint experimental and ab initio study, we focused on the influence of the chemical composition and martensite phase transition on the electronic, magnetic, optical, and magneto-optical properties of the ferromagnetic shape-memory Ni-Mn-Ga alloys. The polar magneto-optical Kerr effect (MOKE) spectra for the polycrystalline sample of the Ni-Mn-Ga alloy of Ni 60 Mn 13 Ga 27 composition were measured by means of the polarization modulation method over the photon energy range 0.8 hν 5.8 eV in magnetic field up to 1.5 T. The optical properties (refractive index n and extinction coefficient k) were measured directly by spectroscopic ellipsometry using the rotating analyzer method. To complement experiments, extensive firstprinciples calculations were made with two different first-principles approaches combining the advantages of a multiple scattering Green function method and a spin-polarized fully relativistic linear-muffin-tin-orbital method. The electronic, magnetic, and MO properties of Ni-Mn-Ga Heusler alloys were investigated for the cubic austenitic and modulated 7M-like incommensurate martensitic phases in the stoichiometric and off-stoichiometric compositions. The optical and MOKE properties of Ni-Mn-Ga systems are very sensitive to the deviation from the stoichiometry. It was shown that the ab initio calculations reproduce well experimental spectra and allow us to explain the microscopic origin of the Ni 2 MnGa optical and magneto-optical response in terms of interband transitions. The band-by-band decomposition of the Ni 2 MnGa MOKE spectra is presented and the interband transitions responsible for the prominent structures in the spectra are identified.
I. INTRODUCTION
Ferromagnetic shape-memory alloys displaying large magnetic-field-induced strain (MFIS) have recently emerged as a class of active materials, very promising for actuator and sensor applications. The interest in ferromagnetic shape memory compounds stems from the possibility to control the phase transition by application of a magnetic field [1] . The response of the system to a field is faster than that obtained by changing temperature or applying stress, thus substantially increasing the range of applications. The stoichiometric Ni 2 MnGa is a ferromagnetic material exhibiting a martensitic transition from a high-temperature Heusler austenitic structure to a related tetragonal form with a 6.6% c axis contraction at the martensitic transformation temperature (T M ) equal to 202 K [2, 3] . Associated with this phase transition the material exhibits shape memory properties enabling the system to reverse large deformations in the martensitic phase by heating into the cubic phase. The stoichiometric Ni 2 MnGa is the most investigated compound as it shows not only extremely large MFIS [4, 5] but also a large magnetocaloric effect [6] and negative magnetoresistance [7] , which are very useful for technological applications.
Since Ullakko et al. [3] discovered large MFIS in a Heusler alloy Ni 2 MnGa single crystal in 1996, numerous theoretical and experimental works on Ni 2 MnGa were published . It was shown that basic structural, elastic, and magnetic properties, such as magnetic moments, magnetic anisotropy energy, the equilibrium structure, elastic constants, etc. of Ni 2 MnGa alloy both in austenitic and martensitic phases can be reproduced in ab initio calculations with fairly high accuracy [9] [10] [11] 15, 19, 20, 23, [27] [28] [29] [30] [31] [32] .
It was discovered recently that the magnetic and structural transitions take place not only in the stoichiometric alloy but also in alloys with significant deviations from stoichiometry [4, 5] . It was found that the values of T M and Curie temperature (T C ) vary strongly with the composition. Murray et al. [4] reported large MFIS of 6% in a ferromagnetic martensitic Ni 49.8 Mn 28.5 Ga 21.7 alloy at room temperature. Sozinov et al. [5] declared Ni 48.8 Mn 29.7 Ga 21.5 orthorhombic 7M martensitic that they acquired giant MFIS of ∼9.5% in the phase. Wang et al. [37] obtained large reversible MFIS of −0.6 % in the Ni 53 Mn 22 Ga 25 single crystal at 300 K.
The dope composition strongly influences the electronic, structural, and magnetic properties of Ni-Mn-Ga shape memory alloys [21, 36, [38] [39] [40] [41] . Chakrabarti et al. [21] show that the total magnetic moment decreases with Ni excess. Therewith, an Ni doping decreases the unit cell volume, whereas an Mn doping increases it [36] . Jiang et al. [42] demonstrated experimentally that the measured high-field saturation magnetization is equal to 4.38 μ B and 2.93 μ B in Ni 50 Mn 25 Ga 25 and Ni 50 Mn 30 Ga 20 alloys, respectively. The martensitic transformation start temperatures enhance monotonically from 283.9 K for Ni 50 Mn 27 Ga 23 to 375.9 K for Ni 50 Mn 30 Ga 20 . The martensitic transformation temperature T M increases from 202 K to 315 K and 350 K if the composition is changed from the stoichiometric one to Ni 54 Mn 21 Ga 20 and Ni 50 Mn 28 Ga 22 , respectively [41] .
The microscopic origin of the martensitic transition remains under debate. The main proposals were the band JahnTeller mechanism [8, 20] or strong electron phonon-coupling and Fermi surface (FS) nesting [43] . The latter has been supported by extended ab initio calculations [12, 16, 17] . Shapiro et al. [44] using neutron scattering experiments found well-defined phason excitations, which were associated to the charge density wave (CDW) resulting from FS nesting. Furthermore, ultraviolet photoemission measurements have shown the formation of a pseudogap 0.3 eV below the Fermi energy at T M [45] , which has also been attributed to CDW due to the FS nesting.
Magneto-optical (MO) spectroscopy in combination with spectroscopic ellipsometry has a great advantage in the investigation of the electronic structure of MFIS materials in comparison with other methods. The MO spectroscopy is very sensitive to the crystal structure and chemical composition [46] , valence phase transitions [47] , as well as induced strain [48] , crystallographic orientation [49] , and magnetization direction [50] . Despite many experimental and theoretical studies of electronic and magnetic structures of Ni 2 MnGa compounds, there are quite a few publications devoted to optical and MO Kerr effect (MOKE) spectra of Ni 2 MnGa [51] [52] [53] [54] [55] [56] [57] . Kudryavtsev with co-workers [52] [53] [54] measured the MO Kerr effect in a stoichiometric polycrystalline Ni 2 MnGa alloy but only in the equatorial geometry, which is very sensitive to the angle of incidence. Park [55] measured the magneto-optical Kerr effect for ferromagnetic Ni 2 MnGa at room temperature with nearly normal-incident polar geometry for the (100), (110), and (111) sample planes and for martensite phase at 100 K for (100) plane. Also optical and magneto-optical spectra of cubic austenite phase of Ni 2 MnGa were calculated with the TB-LMTO method by the same author [55] . Recently Beran et al. [56, 57] studied optical and MOKE properties in the polar geometry of a single Ni 50.1 Mn 28.4 Ga 21.5 crystal during the transformation from the austenitic phase into the modulated 10M martensitic phase. They showed that MO spectra of polar Kerr rotation exhibited significant changes by crossing the transformation temperature.
In Ni 2 MnGa compounds, we have a situation where the interplay between an incommensurate structural modulation, a splitting of the electronic states due to the tetragonal or orthorhombic distortion of the cubic lattice and the ferromagnetic order, combine to stabilize a phase displaying a large magnetic shape-memory effect. To guide the rational design of the MFIS materials the microscopic origin of their functional properties must be understood, which requires methods that can disentangle the interplay between electronic, magnetic, and structural degrees of freedom.
The aim of the present paper is to investigate the capability of the theoretical calculations to adequately predict from first principles the influence of the chemical composition and martensitic phase transition effects on electronic, magnetic, optical, and magneto-optical properties of Ni-Mn-Ga Heusler alloys. Probing various functionals within the modern density functional theory we have shown that all the above mentioned properties could be correctly obtained with a conventional GGA approach. We obtain an excellent agreement between the calculated and experimentally measured ground state properties (equilibrium lattice parameters), magnetic critical phenomena (exchange parameters and Curie temperature), as well as excited state properties (optical and MO) of Ni 2 MnGa for austenite and martensite phases. This paper is organized as follows. Section II presents a description of the crystal structure for high-temperature and low-temperature phases of the Ni 2 MnGa Heusler alloy and the computational and experimental details. Section III is devoted to experimental measurements of the optical and MO Kerr spectra and theoretical calculations of the electronic structure and MOKE spectra of Ni 2 MnGa using the fully relativistic Dirac LMTO band structure method. Theoretically calculated spectra are compared with experimentally measured spectra. Finally, the results are summarized in Sec. IV.
II. CRYSTAL STRUCTURE, COMPUTATIONAL AND EXPERIMENTAL DETAILS

A. Crystal structure
The Heusler-type Ni 2 MnGa compound crystallizes at high temperatures in the cubic L2 1 structure with F m3m symmetry (No. 225), which is formed by four interpenetrating fcc sublattices [ Fig. 1(a) ]. The Ni ions occupy the 4b Wyckoff positions (x = 1 4 , y = ). Both the Ni and Mn atoms have eight nearest neighbors at the same distance. Mn has eight Ni atoms as nearest neighbors, while for Ni there are four Mn and four Ga atoms. At room temperature (RT), it is ferromagnetic and the Curie temperature is slightly higher than RT, T C ∼ 376 K.
Upon cooling of the alloy, the high-temperature cubic phase passes into a quasicubic modulated phase 3M at premartensitic transition temperature T P M = 260 K with a modulation period equal to six atomic planes. Upon further cooling of the alloy, there occurs a structural transition from the quasicubic phase 3M into the modulated martensitic phase at the martensitic transformation temperature T M [2, 40, 58] .
The structure of the low-temperature martensitic phase of Ni 2 MnGa has been extensively investigated using different diffraction techniques; however, the actual martensitic crystal structure is still controversial [40, 58, 59] . The martensitic phase has been described as a nearly tetragonal [2] or orthorhombic [60] distortion of the parent cubic phase with an additional long-wavelength modulation along the c axis. Webster et al. [2] studied the martensitic structure of Ni 2 MnGa using neutron powder diffraction measurements and reported a tetragonal bct structure. Martynov reported a five-layer modulated martensitic structure on the basis of single-crystal x-ray diffraction data [61] . Brown et al. [60] and Ranjan et al. [62] showed that the structure of the martensitic phase is orthorhombic with 7M commensurate modulation. However, several authors have reported that the modulated phase of Ni 2 MnGa possesses an incommensurate structure. Righi et al. [63] single-crystal diffraction studies of Fukuda et al. [64] have revealed that the incommensurate phase might be of a 7M-type for the stoichiometric Ni 2 MnGa composition. Singh et al. [58] also rejects the 5M-like rational approximant structure of the martensitic phase and confirms the 7M-like incommensurate modulation of the martensitic phase with the orthorhombic I mmm space group with the modulation wave vector q = (3/7 + δ)c * where the incommensuration parameter δ = 0.00303. Finally, we should remark that some of these structural differences may originate in sample preparation details and can be sensitive to stoichiometry [65] . Figure 1 shows schematic representations of different crystal structures of Ni 2 MnGa alloy.
B. Computational details
MO effects refer to various changes in the polarization state of light upon interaction with materials possessing a net magnetic moment, including rotation of the plane of linearly polarized light (Faraday, Kerr rotation), and the complementary differential absorption of left and right circularly polarized light (circular dichroism). In the near visible spectral range these effects result from excitation of electrons in the conduction band. Near x-ray absorption edges, or resonances, MO effects can be enhanced by transitions from well-defined atomic core levels to selected valence states. Using straightforward symmetry considerations it can be shown that all MO phenomena are caused by the symmetry reduction, in comparison to the paramagnetic state, caused by magnetic ordering [66] . Concerning optical properties this symmetry reduction only has consequences when SO coupling is considered in addition. To calculate MO properties one therefore has to account for magnetism and SO coupling at the same time when dealing with the electronic structure of the material considered.
For the polar Kerr magnetization geometry and a crystal of orthorhombic symmetry, where both the c axis and the magnetization M are perpendicular to the sample surface and the z axis is chosen to be parallel to them, the dielectric tensor is composed of the diagonal ε xx , ε yy , and ε zz , and the off-diagonal ε xy component in the form
The various elementsε αβ are composed of real and imaginary parts as follows: ε αβ = ε (1) αβ + iε (2) αβ . The diagonal elements, ε xx , ε yy , and ε zz are squares of the complex refractive indexes N = (n + ik), where n and k are refractive index and extinction coefficient, respectively, for the corresponding axis. The optical conductivity tensorσ αβ = σ (1) αβ + iσ (2) αβ is related to the dielectric tensor ε αβ through the equation
For an orthorhombic crystal and magnetic field oriented along the c axis, the complex polar Kerr angle at the normal incidence, θ + iη, is described by the expression [67] [68] [69] 
where θ and η is the Kerr rotation and ellipticity, respectively, and ε 0 = (ε xx + ε yy )/2. In an orthorhombic crystal for the quasitetragonal case, ε xx ≈ ε yy , and ε 0 ≈ ε xx . Therefore, in the following, we will use the symbols ε xx and σ xx for designation of the diagonal elements of the dielectric tensor and optical conductivity. The optical conductivity of Ni 2 MnGa has been computed from the energy band structure by means of the 054427-3 Kubo-Greenwood [70] linear-response expression [71] :
where f ( nk ) is the Fermi function, ω nn (k) ≡ nk − n k is the energy difference of the Kohn-Sham energies, and γ is the lifetime parameter, which is included to describe the finite lifetime of the excited Bloch electron states. The α nn are the dipole optical transition matrix elements, which in a fully relativistic description are given by
with ψ nk being the four-component Bloch electron wave function. The combined correction terms were also taken into account in the optical matrix element calculations. The detailed description of the optical matrix elements in the Dirac representation is given in Ref. [72] . We should mention, lastly, that the absorptive part of the optical conductivity was calculated in a wide energy range and then the Kramers-Kronig transformation was used to calculate the dispersive parts of the optical conductivity from the absorptive ones. The details of the computational method are described in our previous papers [50, 73, 74] , and here we only mention several aspects. The calculations were performed using the spin-polarized fully relativistic linear-muffin-tin-orbital (SPR LMTO) method [75, 76] in the atomic sphere approximation (ASA) with the combined correction term taken into account. The exchange-correlation functional of a GGA-type was used in the version of Perdew, Burke, and Ernzerhof (PBE) [77, 78] . Brillouin zone (BZ) integrations were performed using the improved tetrahedron method [79] . The basis consisted of transition metal s, p, d, and f , and Ga s, p, and d LMTO's. We performed the calculations for the structures studied varying lattice parameters and determining the minima of total energies for Brillouin zone divisions ensuring required accuracies, up to 30 × 30 × 30 Brillouin zone division. The estimated equilibrium lattice parameters corresponding to the minima of the total energy were then compared with the available experimental structural data and used in further calculations.
The austenitic high temperature Heusler structure possesses a cubic symmetry of space group F m3m (No. 225) [2] . For the martensitic phase we used a tetragonal bct structure of P 4/mmm symmetry (No. 123) [2] and the 7M-like incommensurate modulated martensitic phase in the orthorhombic I mmm space group (No. 71) with the modulation wave vector q = (3/7 + δ)c * where the incommensuration parameter δ = 0.00303 [58] . Our measurements of the MOKE spectra were carried out on the sample of Ni 60 Mn 13 Ga 27 composition. To calculate the electronic structure and MOKE spectra in Ni-rich alloys in the 7M incommensurate modulated orthorhombic I mmm structure, we modified the lattice constants according to Ref. [36] (a = 4.243Å, b = 5.421Å, and c = 29.317Å).
The calculations of the electronic structure and MO properties of nonstoichiometric Ni 2+x Mn 1±y Ga 1±z alloys were carried out for the 2a × 2b × 1c and 1a × 1b × 4c supercells The results of calculations for the austenite L2 1 structure and 7M modulated commensurate for rational approximant structure with atomic positions listed in Table I are presented  in Table II . It is seen that the GGA approach gives the theoretically calculated lattice constants in excellent agreement with the experimental data: the deviation is less than 0.2% for austenite phase and 0.4% for martensite 7M phase (the local spin density was able to produce the deviation for the lattice constants up to 3%). Therefore all the calculations of the optical and MO properties of Ni 2 MnGa were carried out with the theoretically obtained lattice constants presented in Table II .
To check the validity of the GGA for studied systems we calculated Curie temperature for the compounds using Heisenberg exchange parameters obtained within the magnetic force theorem as it is implemented within the multiple scattering theory [80] . T C was estimated within the random phase approximation [81] , which provides an adequate description of magnetic critical phenomena. Thereby, we tried several density functional approaches: local spin density approximation (LSDA), GGA, and the LSDA+U method [82] . As result, we found that the GGA method provides the best agreement with experiment (T for the cubic L2 1 phase), while the LSDA and the LSDA+U approaches underestimate it by 40-100 K dependent on the value of U . We think that it is a crucial test since the value of T C is mainly calculated from exchange constants, which can be interpreted as the wave function overlap integrals. Our calculations show that only the GGA provides a proper description of the electronic states in the studied compounds.
In Table II , total magnetic moments per formula unit for the structures, obtained for the calculated equilibrium lattice constants, are shown as well. It is seen that for the austenite the calculated moment is slightly underestimated, but for the martensite it is overestimated or coincides with the experimental data depending on the particular sample preparation conditions and crystal quality.
C. Experimental details
The optical and magneto-optical Kerr rotation and ellipticity (MOKE) spectra have been investigated for the polycrystalline sample of the Ni-Mn-Ga alloy of Ni 60 Mn 13 Ga 27 composition prepared by arc melting technique. After melting, the sample was subjected to homogenization by thermal annealing at 1150 K for 70 hours in argon atmosphere. The chemical composition of the sample was determined from x-ray fluorescence analysis, and the alloy remains in martensitic state at room temperature. For the present measurements the sample surface was polished mechanically and subsequently chemically etched to remove the surface contamination introduced by mechanical treatment. The polar MOKE spectra were measured by means of the polarization modulation method using a piezobirefringent modulator. The spectra were measured at room temperature over the photon energy range 0.8 hν 5.8 eV under saturation condition deduced from the measured hysteresis loop in magnetic field up to 1.5 T. The optical properties-refractive index n and extinction coefficient k-were measured directly by spectroscopic ellipsometry using the rotating analyzer method over the same spectral range as MOKE spectra. A detailed description of the MOKE spectrometer and ellipsometer system used is given in Ref. [73] . Both the diagonal and off-diagonal components of the dielectric tensor of the material were determined from the measured MOKE and optical spectra with the use of Eqs. (2) and (3).
III. RESULTS AND DISCUSSION
A. Energy band structure
The modulation on the nanoscale and other modifications such as deviation from the stoichiometry of the Ni 2 MnGa crystal makes the analysis of the electronic structure of martensite very complex. To obtain a relevant starting point, one has to begin with the parent phase, i.e., austenitic, which is cubic. Additionally, a prerequisite for the magnetic shape memory effect is the martensitic transformation, and thus the knowledge of the precise character of the austenitic phase and its evolution just above the transformation is crucial. Therefore we start with consideration of the electronic structure of the austenitic cubic phase.
The spin-polarized partial densities of states (DOS) of Ni 2 MnGa for the austenitic high-temperature F m3m structure obtained from fully relativistic GGA calculations are presented in Fig. 2 . The results agree well with previous band structure calculations [8] [9] [10] [11] 19, 21, 23, 55] . The occupied part of the valence band can be subdivided into several regions. The Ga 4s bands appear between −10.3 and −6.8 eV. The next six energy bands in the energy region −6.2 to −3.2 eV are the Ga 4p bands. The Ni and Mn d energy bands are located above and below E F at about −4.2 to 3.0 eV.
Because of a strong Ga p-p hybridization the Ga p states are split into bonding and antibonding states. The former are located between approximately −6.2 and −1 eV, while the latter are spread over a broad energy range above −1 eV. The crystal field at the Mn 4a site (O h point symmetry) splits the Mn d states into e g (3z 2 − 1 and x 2 − y 2 ) and t 2g (xy, yz, and xz) ones. The t 2g states are strongly hybridized with the Ga p states and give a significant contribution to the bonding states below −1 eV. The e g states form weaker Mn d-Ga p bonds but they hybridize strongly the d states of eight Ni nearest neighbors.
The center of Ni 3d states (ε ν = −1.72 eV) is found in a gap between the bonding and antibonding Ga p states. The crystal field at the Ni 4b site (T d point symmetry) causes the splitting of d orbitals into a doublet e (3z 2 − 1 and x 2 − y 2 ) and a triplet t 2 (xy, yz, and xz). The hybridization between Ni t 2 and Mn t 2g states splits the Mn spin-down t 2g states into two peaks, the bonding one located at ∼1.9 eV below the Fermi level and the unoccupied antibonding peak centered at 1.2 eV.
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The Ni e orbitals hybridize weakly Ga p states, however, they hybridize strongly Mn e g orbitals at around −1 eV for the spin-up channel.
In addition to the crystal field splitting, the 3d levels of the Ni and Mn atoms are split due to the exchange interaction. The exchange splitting between the spin-up and -down 3d electrons on the Ni atom is about 0.5 eV. The corresponding splitting on the Mn atom is much larger, about 2 eV. Spin-orbit splitting of the 3d energy bands for both the Ni and Mn atoms is much smaller than their spin and crystal-field splittings. The spin-polarized calculations show that Ni 2 MnGa in the high-temperature phase is not a half-metallic ferromagnet. The Fermi level crosses both the majority and minority spin energy bands.
Because nearly all the 3d Ni states are occupied (in contrast to the 3d Mn states), the main contribution to the total magnetic moment of the alloy respectively). The orbital magnetic moments are equal to 0.022, 0.026, and −0.001 μ B for Ni, Mn, and Ga atoms, respectively in the GGA approximation. Figure 3 shows the total and partial DOSs of Ni 2 MnGa for the 7M-like incommensurate modulated martensitic phase with the orthorhombic I mmm space group structure calculated in the fully relativistic spin-polarized approximation. The total magnetic moment of the alloy is increased up to 4.105 μ B in the martensitic orthorhombic structure in comparison with the austenitic structure. The averaged spin moments at the Ni sites (M Ni s = 0.335 μ B ) are increased in comparison with the austenitic structure. The moment at the Ga sites is changed insignificantly. The orbital magnetic moments are equal to 0.025 μ B , 0.027 μ B , and −0.001 μ B for Ni, Mn, and Ga atoms, respectively, in the I mmm martensitic structure. Figure 4 shows experimentally measured [53] off-diagonal optical conductivities σ xx = σ 1xx + iσ 2xx and σ xy = σ 1xy + iσ 2xy , respectively. The experimental optical conductivity spectrum σ 1xx has a low energy minimum at around 1.0 eV and two maxima at 1.7 eV and 3.2 eV. The GGA calculations give reasonable agreement in the energy position of the minimum and low energy maximum, however, the high energy peak is slightly shifted towards lower energy.
B. Optical and MOKE spectra
The lower panel of Fig. 4 presents the comparison of the experimental diagonal optical conductivity spectra for a martensitic stoichiometric Ni 2 MnGa alloy [53] (open magenta circles) and our measurements in a Ni-rich Ni 60 Mn 13 Ga 27 alloy (closed red circles) in the martensitic phase with the theoretically calculated spectra for the stoichiometric (full blue curve), Ni-rich Ni 56 Mn 19 Ga 25 (dashed black curve), and Ni 62 Mn 13 Ga 25 (dotted magenta curve) alloys of the I mmm orthorhombic structure. The theory well describes the energy position of the major energy peaks for stoichiometric Ni 2 MnGa alloy. The theory also correctly describes the major tendency of Ni doping. The excess of Ni atoms modify the electronic structure of the martensitic alloy, resulting in the sharp increase of the low energy peak at 1.7 eV (compare the σ 1xx experimental spectra for the Ni 50 Mn 25 Ga 25 and Ni 60 Mn 13 Ga 27 compositions in the lower panel of Fig. 4 ). Such behavior can be explained by the peculiarities of the band structure of Ni 2 MnGa. The energy bands in the close vicinity of the Fermi energy (±1 eV) have predominantly Ni 3d character (see Fig. 3 ). Therefore, with increasing of the Ni content one would expect the increase of the optical absorption in the 0-2 eV region.
Let us now consider the magneto-optical Kerr effect spectra. The comparison of the calculated and experimentally measured Kerr rotation spectra is not a simple task because the measurements have been done in different conditions and for samples with different stoichiometry. Kudryavtsev et al. [52] [53] [54] measured the MO Kerr effect in a stoichiometric polycrystalline Ni 2 MnGa alloy but only in the equatorial geometry which is very sensitive to the angle of incidence. Beran et al. [57] studied the polar Kerr effect in a single crystal of Mn-rich off-stoichiometrical Ni 50.1 Mn 28.4 Ga 21.5 alloy during its transformation from the martensitic to austenitic phase in the temperature range from 297 to 373 K in the photon energy range from 1.2 to 5.0 eV (the T M is equal to 318 K during cooling and 335 K during heating back to austenite in these sample). Our measurements of polar Kerr spectra were carried out for a Ni-rich polycrystalline Ni 60 Mn 13 Ga 27 magnetic shape memory alloy in the martensitic phase in 0.8 to 5.8 eV energy range. It is important to note that the electronic and magnetic properties of Ni-Mn-Ga alloys are more sensitive to the dope composition than to the crystal structure. For example, according to the measurements of Jiang et al. [42] corresponding theoretically calculated spectra in the GGA approximation for Ni 2 MnGa and Ni 56 Mn 19 Ga 25 alloys (dashed red line and full blue line, respectively) in Fig. 5 . The characteristic features of the measured Ni 2 MnGa Kerr rotation spectrum are a sharp negative minimum a in the ir spectral range at ∼1.0 eV, two prominent positive peaks b and c at around 1.6 and 2.7 eV with a local minimum in between at 2.2 eV, and a broad negative minimum d in the uv range at 3.8 eV. The essential points of experimental Kerr ellipticity spectrum (not shown) are zero crossings at 1.6 eV and around 3.8 eV (that correspond to the peaks b and d in the Kerr rotation) with a broad positive structure between them and a prominent negative minimum at the energy of ∼1.3 eV.
The GGA theoretical calculations for stoichiometric Ni 2 MnGa reproduce all the main features (a to d), however, the theoretical spectrum is narrower than the experimentally 054427-7 measured one with the peaks a and b shifted towards higher energy and the peak c shifted in the opposite direction. Besides, the relative intensities of b and c have opposite behavior in comparison with the experimental measurements. This disagreement is partly due to the nonstoichiometry composition of the alloy used in the experimental measurements (Ni 60 Mn 13 Ga 27 ). The theoretically calculated Kerr spectrum for the Ni 56 Mn 19 Ga 25 composition (full blue curve in the lower panel of Fig. 5) shows much better agreement with the experimental spectrum in the energy position of the a and b peaks as well as the relative intensity of the b and c peaks.
The temperature dependence of the polar Kerr spectrum in a Mn-rich Ni 50.1 Mn 28.4 Ga 21.5 alloy is presented in Fig. 5 [57] . The changes in magneto-optical Kerr spectra with increasing temperature are clearly visible during the martensitic transformation. Comparing the experimentally measured Kerr spectrum in martensitic (middle panel) and austenitic (upper panel) phases we can conclude that the relative intensities of the two prominent peaks b at 1.6 eV and c at 2.8 eV are changed. Besides, the local minimum between these two peaks changes the sign. However, there is no shift of the main features in polar Kerr rotation spectra during the martensitic transformation. We present also the calculated MO Kerr rotation spectra for the low-temperature orthorhombic structure (full blue curve in the middle panel) and the cubic F m3m high-temperature phase (full blue curve in upper panel) of Ni 50 Mn 28 Ga 22 composition. After the transformation, the amplitude of experimentally measured polar Kerr rotation is decreasing with increasing temperature, which can be explained as a gradual loss of magnetization when approaching the ferromagnetic Curie temperature T C = 373 K. Experimentally, a reduction of the saturation magnetization by 40% has been observed when the temperature is raised closer to the Curie temperature. [57] Therefore, to compare with the experimental austenite spectrum we multiply the theoretically calculated spectrum in the upper panel of Fig. 5 by factor 0.6. The theory reproduces well the shape and energy position of the major peaks for the martensitic and austenitic phases and qualitatively describes the change of the relative intensities of b and c peaks during the phase transformation. It is interesting to note that our calculations for the Mn-rich martensitic phase agree even better with earlier measurements by the same authors [56] for the same sample (green empty circles in the middle panel of Fig. 5 ) than with the later measurements [57] (magenta empty circles in middle panel of Fig. 5) , especially for the high energy minimum d at 4 eV.
The interpretation of the MOKE spectra in terms of electronic transitions is a nontrivial task because the complex Kerr rotation is a rather complicated function of both the diagonal and off-diagonal components of the optical conductivity tensor [Eq. (3)]. The off-diagonal part of the conductivity tensor of Ni-rich Ni 60 Mn 13 Ga 27 alloy obtained from experimental MOKE spectra and the complex index of refraction (n and k) determined from the ellipsometry measurements are presented in Fig. 6 . The theory reproduces all peculiarities of the experimental off-diagonal optical conductivity spectra. In particular, the energy position and the magnitude of the negative peak at 2.2 eV in the ωσ 2xy (ω) spectrum and the positive structure at 1.9 eV in the ωσ 1xy (ω) spectrum are very well reproduced. However, the theoretically calculated spectrum is narrower than the experimentally measured one in the 0.5 to 3.5 eV range. Besides, the high energy minimum at 5 eV has a blue shift in the ωσ 1xy spectrum.
C. The band-by-band decomposition and the k-space decomposition
To identify the electronic interband transitions responsible for the MO Kerr effects, the analysis of the spectral dependence of the optical conductivity tensor should be performed. The absorptive part of the diagonal optical conductivity tensor element, σ 1xx , and of the off-diagonal part, σ 2xy , are directly connected via Eq. (4) to the microscopic interband optical transitions.
As the absorptive parts of the optical conductivity are additive quantities, to explain the microscopic origin of the MOKE activity of Ni 2 MnGa in terms of individual electronic transitions we performed the decomposition of the calculated σ 1xx and σ 2xy spectra into the contributions arising from separate interband transitions Although the experimental MOKE spectra of Ni 2 MnGa alloy change through the martensitic transition at T M and their shape is strongly affected by the alloy composition, the characteristic features of the measured Kerr rotation spectrum are the same ( 1.6 and 2.7 eV and a broad negative minimum d at 3.8 eV. Therefore we perform the band-by-band and the k-space decomposition of the MOKE spectra for the cubic austenitic phase (Fig. 7) . We also neglect the intraband contributions for simplicity.
In spin-polarized band structure calculations three majorityspin bands (17 to 19) and two minority-spin bands (13 and 14) cross the Fermi level. In spin-polarized fully-relativistic calculations the spin-orbit interaction mixes spin-up and -down bands and the numeration of the energy bands is changed. In the last case five energy bands with numbers from 29 to 33 cross the Fermi level. (peaks c, d, and g ). Broad peaks located at 3.7 and 5.0 eV (e and f ) can also be selected. The characteristic for the Ni 2 MnGa intensive peak in σ 1xx around 0.3 eV is mainly determined by 30 → 31 interband transitions (Fig. 7) . These transitions occur mostly at the L − W symmetry direction (see Fig. 8 ).
The corresponding peak b is mostly derived from the 29 → 34 transitions in the close vicinity of the Fermi level. These two peaks a and b are hard to separate from strong intraband Drudelike transitions presented in the experimentally measured OC spectrum (Fig. 4) . The next peaks c and d arise from the 23 → 31 (peak c) and 25 → 36, 22 → 34 (peak d) transitions. The peak g with the low energy shoulder f is mostly determined by The characteristic features of σ 2xy of Ni 2 MnGa are a positive peak at 1.3 eV, negative structures at around 1.8 and 2.3 eV, an intensive wide structure with three maxima in the 2.9 to 4.9 eV energy range and a strong single positive peak at 5.2 eV. The interband transitions 30 → 31 and 29 → 34 which form the ir a and b peaks in the diagonal OC spectrum σ 1xx are almost invisible in the off-diagonal OC σ 2xy (Fig. 7) . Two negative peaks at 1.8 and 2.3 eV are determined by the 23 → 31 and 25 → 35 transitions, respectively. The intensive wide structure with three maxima in the 2.9-4.9 eV range arises mostly from the 22 → 34, 14 → 36 and 9,10 → 37,38 transitions.
We can conclude that while the high energy uv part of both the diagonal and off-diagonal OC are formed by the same sets of interband transitions, different transitions are responsible for the low energy ir part of the σ 1xx and σ 2xy spectra.
To see how the interband transitions between individual bands are located in the reciprocal space of Ni 2 MnGa we performed the k-space decomposition of the interband transitions into transitions occurring in the vicinity of the high symmetry points and symmetry directions of the Brillouin zone. For this aim we summed all the transitions between bands n and m in a cubic volume surrounding a given point with a cube edge equal to 0.125 of the − X distance (it contains approximately 1.5% of the whole BZ volume). Although the results depend on the volume of the cube, one can identify the transitions essentially with these points and their nearest neighborhood. Figure 9 illustrates the results of the decomposition. As we already mentioned above, the ir peak a around 0.3 eV in the σ 1xx spectrum is mainly determined by the 30 → 31 interband transitions which take place from regions in the L − W symmetry direction near E F in the BZ (see Fig. 8 ) while, in formation of the other transitions, quite a large volume of the Brillouin zone has to be taken into account. The most intense interband transitions in both the diagonal and off-diagonal optical conductivity arise from the same parts of the BZ located near the U symmetry point and along the U − L symmetry direction. These transitions almost completely describe the MO response in Ni 2 MnGa. On the other hand, there are additional contributions in the case of the diagonal optical conductivity σ 1xx spectrum coming from the − L symmetry direction and from the vicinity of the L symmetry point.
IV. SUMMARY
The polar MOKE spectra of a polycrystalline sample of the Ni-Mn-Ga alloy of Ni 60 Mn 13 Ga 27 composition were measured by means of the polarization modulation method over the photon energy range 0.8 hν 5.8 eV in magnetic field up to 1.5 T. The optical properties (refractive index n and extinction coefficient k) were measured directly by spectroscopic ellipsometry using the rotating analyzer method.
The electronic structure of Ni 2 MnGa Heusler alloy for the cubic austenitic and modulated 7M-like incommensurate martensitic phases were investigated theoretically from first principles, using the fully relativistic Dirac LMTO band structure method. The equilibrium crystal structures calculations with the exchange-correlation potential of GGA type in the PBE version agree extremely well with the relevant experimental data for both the austenite and the martensite 7M modulated structures. It is found that the calculated total magnetic moments and Curie temperature are in accordance with the experiment as well.
The ab initio LMTO calculations reproduce well the experimental MOKE spectra of Ni 2 MnGa alloy and allow us to explain the microscopic origin of the MO response in terms of interband transitions. The band-by-band and the k-space decomposition of the Ni 2 MnGa MO spectra have been performed and the transitions responsible for the prominent structures in the spectra identified. The most intense interband transitions in both the diagonal and off-diagonal optical conductivity arise from the same parts of the BZ located near the U symmetry point and along the U − L symmetry direction. These transitions almost completely describe the MO response in Ni 2 MnGa. On the other hand, there are additional contributions in the case of the diagonal optical conductivity σ 1xx spectrum coming from the − L symmetry direction and from the vicinity of the L symmetry point.
The characteristic features of the measured Ni 2 MnGa Kerr rotation spectrum are a sharp negative minimum at ∼1.0 eV, two prominent positive peaks at around 1.6 and 2.7 eV, with a local minimum in between at 2.2 eV, and a broad negative minimum in the uv range at 3.8 eV. We found that the optical and MOKE properties of Ni-Mn-Ga systems are very sensitive to the deviation from the stoichiometric composition, resulting in different energy position and relative intensities of the prominent features. The theory reproduces well the shape and energy position of the major peaks for MOKE spectra in the martensitic and austenitic phases and qualitatively describes the change of the relative intensities of the spectral peaks during the martensitic phase transformation.
One of the main results of our study is that the computational material design of Ni-Mn-Ga Heusler alloys is possible. Comparing our current MOKE measurements and experiments of other groups with our first-principles simulations we found a robust methodology to describe adequately structural, electronic, magnetic, optical, and magneto-optical properties of these Heusler compounds. Probing various functionals within the modern density functional theory we have shown that all the above mentioned properties could be correctly obtained with a conventional GGA approach. Using this framework we could make reliable predictions for further alloy compositions under various martensitic transformations, some of which were even not yet accessible with experiments. Summarizing, our finding provides a solid background to study ferromagnetic shape-memory Ni-Mn-Ga alloys and opens possibilities in computational material design of these materials. The next ambitious goal of our research is to understand the microscopic origin of the martensitic phase transitions in these compounds for various chemical compositions. 
